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Rad l y  i n j e c t e d  on-hole p a i r s  
60 has been observed i n  Co gamma ray- and neu t ron - i r r ad i a t ed  n-type 
Czochralski s i l i c o n .  A t  l i q u i d  n i t rogen  temperature,  two bands, peaking 
a t  1.31 microns and 1.66 microns, a r e  s een  i n  gamma ray  i r r a d i a t e d  
ma te r i a l .  Neutron i r r a d i a t e d  m a t e r i a l  d i f f e r s  i n  t h a t  t h e  long wave- 
length  band i n  t h e  1.6 micron reg ion  i s  simply a long wavelength t a i l .  
A t  l i q u i d  helium temperature,  two complex luminescence p a t t e r n s  a r e  seen 
i n  both neutron and gamma i r r a d i a t e d  ma te r i a l .  I n t ense  bands appear a t  
0.969 eV and 0.789 eV wi th  much of t h e  s t r u c t u r e  r e p l i c a t e d  wi th  a separa-  
t i o n  of 0.180 eV. It i s  suggested t h a t  t h e  luminescence is  due t o  recom- 
b i n a t i o n  between f r e e  ho le s  and e l e c t r o n s  i n  t h e  ground s t a t e s  of two 
d i f f e r e n t  d e f e c t s ,  0.196 eV and 0.376 eV below t h e  conduction band mini- 
mum, t h e  weaker bands of t h e  two p a t t e r n s  a r i s i n g  from recombination 
accompanied by phonon emission, 
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I n  r ecen t  y e a r s ,  t h e r e  has been i n t e n s i v e  r e sea rch  on t h e  problem 
of determining the  n a t u r e  of r a d i a t i o n  induced d e f e c t s  i n  s i l i c o n .  
Elec t ron  s p i n  resonance has  been p a r t i c u l a r l y  s u c c e s s f u l  i n  providing 
d e t a i l e d  microscopic models of many of t h e  prominent de fec t s .  Measure- 
ments of t he  t r a n s p o r t  p r o p e r t i e s  of f r e e  carriers, e i t h e r  o p t i c a l l y  o r  
thermally e x c i t e d ,  and o p t i c a l  absorp t ion  have been s u c c e s s f u l l y  used t o  
l o c a t e  t h e  energy level i n  t h e  forbidden gap a s s o c i a t e d  wi th  the  de fec t .  
Although recombination luminescence s t u d i e s  have been made on impuri ty  
de fec t s  in t roduced  during c r y s t a l  t h i s  technique has  been used 
very l i t t l e  t o  s tudy t h e  p r o p e r t i e s  of r a d i a t i o n  induced d e f e c t s .  5-8 
Ivanov and Yukhnevich’ ’ s t u d i e d  t h e  recombination luminescence 
r e s u l t i n g  from e lec t ron-hole  recombination i n  Co6’ i r r a d i a t e d  s i l i c o n .  
The carriers w e r e  e l e c t r i c a l l y  i n j e c t e d  i n t o  p-n junc t ions .  
suggested t h a t  t he  luminescence r e s u l t e d  from t h e  recombination of an 
e lec t ron-hole  p a i r  bound a t  t h e  Si-A c e n t e r ,  a d e f e c t  c o n s i s t i n g  of a 
s u b s t i t u t i o n a l  oxygen impuri ty  having an energy level about 0.17 e V  below 
the  conduction band. It w a s  suggested t h a t  phonon a s s i s t e d  t r a n s i t i o n s  
a l s o  occurred.  
Yukhnevich 
The p r e s e n t  work w a s  undertaken wi th  t h e  view of comparing t h e  
n a t u r e  of t h e  luminescence in t roduced  by both  Co60 and f a s t  neut ron  
i r r a d i a t i o n s ,  and t o  determine t h e  in f luence  of t h e  n a t u r e  and amount of 
dopant,  both i n t e n t i o n a l l y  added impur i t i e s  and a c c i d e n t a l  i m p u r i t i e s ,  
such as oxygen, upon t h e  luminescence s p e c t r a ,  and t o  extend t h e  temper- 
a t u r e  range of measurements t o  lower temperatures  where thermal  e f f e c t s  
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would become less important .  The r e s u l t s  of a p o r t i o n  of t h e s e  measure- 
ments, s p e c i f i c a l l y  those  on Czochralski  grown n-type material, are pre- 
sen ted  below. 
11. EXPEREmWTAL PROCEDURE 
A l l  samples were phosphorus doped and grown by t h e  Czochralski  
18 9 
/cm3 i n t e r s t i t i a l  oxygen atoms. method, thereby conta in ing  about 10 
The samples w e r e  c u t  i n  t h e  form of p l a t e s  whose th ickness  ranged between 
0.4 mm and 0.9 mm a f t e r  e t ch ing  i n  CP4A (5HN03, 3HF). About 0.08 mm of 
material w a s  removed from each s i d e  a f t e r  about one minute i n  t h e  e t c h ,  
leaving a s u r f a c e  which had an over -a l l  "orange peel" appearance b u t  
which w a s  smooth over  d i s t ances  comparable t o  t h e  wavelength of t h e  
emi t ted  l i g h t .  Af t e r  t h e  e t ch ing  a c t i o n  w a s  quenched by f l u s h i n g  wi th  
d i s t i l l e d  water, t h e  samples were d r i e d  on f i l t e r  paper and immediately 
placed i n  a vacuum dewar. Although the  abso lu te  luminescent e f f i c i e n c y  
w a s  found t o  depend r a t h e r  c r i t i c a l l y  upon t h e  e t ch ing  procedure,  no 
change i n  t h e  luminescent spectrum w a s  found t o  r e s u l t  from var ious  sur -  
f a c e  treatments. 
Electron-hole  p a i r s  w e r e  c r e a t e d ' b y  focus ing  a 500 w a t t  h igh  
p res su re  mercury lamp on t h e  sample. Photons w i t h  wavelengths g r e a t e r  
than 7500 A were removed by pass ing  t h e  i n c i d e n t  l i g h t  beam through a 
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5 cm water cel l  whose ends w e r e  made of Jena  KG3 o p t i c a l  g l a s s  3 nun th ick .  
The i n c i d e n t  e x c i t i n g  l i g h t  w a s  i n t e r r u p t e d  by a mechanical chopper. This 
e x c i t a t i o n  technique i s  similar t o  t h a t  used by Haynes. lo 
l i g h t  w a s  c o l l e c t e d  from t h e  s i d e  oppos i te  t h e  i n c i d e n t  beam by a CaF 
The emi t ted  
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l ense ,  analyzed by a monochromator, and de tec t ed  by a PbS cell  cooled t o  
dry ice  temperature.  The vo l t age  s i g n a l  from t h e  d e t e c t o r  w a s  amplif ied 
by a p reampl i f i e r  and a P r ince ton  Applied Research a m p l i f i e r  whose r e f e r -  
ence s f g n a l w a s  genera ted  by t h e  mechanical chopper. 
w a s  d i sp layed  on a c h a r t  recorder .  Data were obta ined  cont inuously as a 
func t ion  of wavelength a t  l i q u i d  helium and l i q u i d  n i t r o g e n  temperature 
wi th  a Jar re l l -Ash  model 82-092 g r a t i n g  monochromator. 
n i t rogen  temperature  measurements and h igher  temperature  experiments were 
made wi th  a Perk in  E l m e r  Model 83 prism monochromator. 
response of t h e  d e t e c t o r  and monochromators w a s  determined by a measure- 
The f i n a l  s i g n a l  
Many of t h e  l i q u i d  
The re la t ive 
ment of a blackbody source  ope ra t ing  a t  a known temperature.  
are presented  i n  terms of t h e  r e l a t i v e  number of quanta  emi t ted  i n  a 
given wavelength i n t e r v a l .  
A l l  d a t a  
The samples were i r r a d i a t e d  a t  room temperature by gamma rays  from 
Thermal Co60 and by f a s t  neutrons from a General Dynamics Tr iga  r e a c t o r .  
neutrons w e r e  removed by s h i e l d i n g  the  samples w i t h  a cadmium f o i l  0.030 
inches th ick .  The samples were re-etched f o r  about 10 seconds a f t e r  each 
i r r a d i a t i o n .  
111. RESULTS 
A. Liquid Nitrogen Temperature 
60 The luminescence spectrum a t  l i q u i d  n i t rogen  temperature  of Co 
gamma ray bombarded s i l i c o n  of 100 ohm r e s i s t i v i t y  i s  shown i n  Fig. 1. 
The band-to-band luminescence a t  1.13 microns w a s  f i r s t  repor ted  by 
Haynes and Westpha1.l' The lower r e s o l u t i o n  used i n  t h e  p re sen t  measure- 
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ment produced t h e  g r e a t e r  h a l f  width i n  t h i s  band than  t h a t  r epor t ed  by 
these  workers. As t h e  i n t e g r a t e d  g a m a  f l u x  i n c r e a s e s ,  t h e  band gap 
luminescence d isappears ,  l eav ing  two new bands peaking a t  1.31 microns 
and 1.66 microns corresponding t o  0.947 e V  and 0.747 e V  r e spec t ive ly .  
The spectrum €or  neut ron  bombarded material shown i n  Fig. 2 d i f f e r s  i n  
t h a t  t h e  d i s t i n c t  second band now appears  simply as a long wavelength t a i l .  
The s l i g h t  v a r i a t i o n  i n  t h e  l o c a t i o n w f  t h e  peak of t h e  i n t e n s e  band i s  
due t o  a d i f f e r e n c e  i n  the  in s t rumen ta l  r e s o l u t i o n  used i n  t h e  two measure- 
ments. Nei ther  t h e  long wavelength band nor  t a i l  w e r e  observed i n  similar 
s t u d i e s  of f l o a t  zone grown s i l i c o n ,  All t h e  s p e c t r a  disappeared a t  dry 
ice temperature.  
These r e s u l t s  are i n  gene ra l  agreement wi th  those  of Ivanov and 
Yukhnevich, who found two d i s t i n c t  bands a t  l i q u i d  n i t r o g e n  temperature 
which appear t o  be  i d e n t i c a l  t o  those  i n  Fig.  1. They found t h a t  t h e  
luminescence d isappears  a t  120'K. 
ab le  t o  observe s t r u c t u r e  on the  1.31 micron band; i n  p a r t i c u l a r  he 
r e p o r t s  an i n t e n s e  band a t  0.967 e V  t h a t  has  a measured h a l f  width of less 
than  0.002. eV.  By going t o  an in s t rumen ta l  r e s o l u t i o n  of 0.0024 e V ,  w e  
a l s o  observed t h i s  l i n e  b u t  found t h e  h a l f  width t o  be  0.0050 e V .  There 
remains an  unexplained discrepancy i n  the  measured h a l f  width of t h i s  
band as r epor t ed  by Yukhnevich and as found i n  t h e  p re sen t  work. 
I n  a subsequent s tudy ,6  Yukhnevich w a s  
Yukhnevich has  a l s o  observed a complex emission spectrum8 i n  the  
2.4 micron t o  3.0 micron range which w e  have n o t  observed. 
B. Liquid H e l i u m  Temperature 
The r e s u l t s  f o r  gamma i r r a d i a t e d  s i l i c o n  a t  l i q u i d  hel ium temper- 
It i s  p a r t i c u l a r l y  s t r i k i n g  t h a t  two similar a t u r e  are shown i n  Fig.  3. 
complex p a t t e r n s  appear which are d i sp laced  by 0.180 eV. 
l oca t ed  a t  0.717 e V ,  0.773 e V ,  and 0.789 e V  appear t o  be uniformly 
r e p l i c a t e d  a t  0.898 e V ,  0.953 e V ,  and 0.969 e V  r e spec t ive ly .  I n  addi- 
The bands 
t i o n  t o  the  clear r e p l i c a t i o n  of t hese  t h r e e  luminescent bands,  t h e r e  i s  
an i n d i c a t i o n  t h a t  t h e  s m a l l  peaks a t  0.755 e V  and 0.739 e V  are a l s o  
r e p l i c a t e d  a t  0.935 e V  and 0.919 e V  r e spec t ive ly .  
complex bands centered  about 0.728 e V ,  0.752 e V ,  and 0.923 e V .  The 
spectrum between 0.64 e V  and 0.80 e V  was never observed i n  f l o a t  zone 
grown s i l i c o n  f o r  which t h e  oxygen content  i s  about two o rde r s  of magni- 
tude below t h a t  of t h e  Czochralski  grown c r y s t a l s .  
There are d i s s i m i l a r  
The two most i n t e n s e  bands of Fig.  3 w e r e  examined under the  maxi- 
mum r e s o l u t i o n  in s t rumen ta l ly  a v a i l a b l e .  The r e s u l t s  shown i n  Fig.  4 
i n d i c a t e  t h a t  t he  measured ha l fwid th  i s  s t i l l  in s t rumen ta l ly  l imi t ed .  
It  i s  clear, however, t h a t  t he  ha l fwid th  of t he  0.969 e V  l i n e  decreases  
i n  going from l i q u i d  n i t r o g e n  t o  l i q u i d  helium temperature.  
A comparison of t h e  r e s u l t s  ob ta ined  on t h e  neut ron  and gamma ray  
i r r a d i a t e d  s i l i c o n  sugges ts  t h a t  t h e  p r i n c i p a l  f e a t u r e s  of t h e  s p e c t r a  
are e s s e n t i a l l y  the  same. Thus, i t  can be concluded t h a t  t h e  d e f e c t s  
which are active as recombination cen te r s  i n  t h e  s i l i c o n  are e s s e n t i a l l y  
the  same i n  both  neu t ronband  gamma ray i r r a d i a t e d  material. 
emphasized, of course ,  t h a t  t he  de fec t s  seen  i n  t h e  luminescence measure- 
It must be 
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ment may r ep resen t  only a s i n g l e  type of a much l a r g e r  group of d e f e c t s  
produced by t h e  r a d i a t i o n .  
The f a c t  t h a t  t he  ha l fwid th  of t he  0.967 e V  l i n e  i s  of t he  o rde r  
of kT a t  l i q u i d  n i t r o g e n  temperature  and t h e  f a c t  t h a t  t he  ha l fwid th  
decreases  when going t o  l i q u i d  hel ium temperature  s t r o n g l y  sugges t  t h a t  
t h e  t r a n s i t i o n  i s  due t o  recombination of a t rapped carrier wi th  a f r e e  
carrier having a thermally broadened d e n s i t y  of states. This  i s  i n  d i s -  
agreement wi th  the  conclusion of Yukhnevichll who a t t r i b u t e d  t h e  t r a n s i -  
t i o n  t o  recombination of an e l e c t r o n  and a ho le  both  bound t o  an A c e n t e r ,  
a f t e r  t h e  model of Kursk i i .  l2'I3 The g r e a t  i n t e n s i t y  of t h i s  band i n d i r  
cates t h a t  t h e  t r a n s i t i o n  proceeds wi thout  phonon c ~ o p e r a t i o n . ~  y 4  It i s  
suggested,  t h e r e f o r e ,  t h a t  t he  recombination occurs  between a f r e e  h o l e  and 
an e l e c t r o n  bound t o  a d e f e c t ,  t h e  bound e l e c t r o n  having an energy l e v e l  
near  t h e  conduction band. I f  t he  sharp  l i n e  t r a n s i t i o n  a t  0.969 e V  involves  
no phonons, t h e  energy level would, t h e r e f o r e ,  be  0.196 e V  from t h e  con- 
duct ion band edge. The o t h e r  a l t e r n a t i v e  would be  f o r  the  d e f e c t  i t s e l f  
t o  t ake  p a r t  i n  t h e  momentum t r a n s f e r  and t o  d i s s i p a t e  the  momentum i n  a 
l o c a l  mode v i b r a t i o n .  
The va lue  of 0.196 e V  i s  l a r g e r  than  t h e  depth of t h e  A-center 
ground state," as determined from t r a n s p o r t  measurements. Although i t  
i s  p o s s i b l e  t h a t  t h e  t r a n s p o r t  experiments measure an  i o n i z a t i o n  energy 
which may be less than  t h e  va lue  seen  h e r e  because of t he  cooperat ion of 
l a t t i ce  v i b r a t i o n s  i n  e j e c t i n g  t h e  e l e c t r o n ,  i t  i s  a l s o  p o s s i b l e  t h a t  t h e  
d e f e c t  r e spons ib l e  f o r  t h e  luminescence i s  no t  t h e  A cen te r .  
It i s  suggested t h a t  t h e  0.953 e V  band r e s u l t s  from recombination 
wi th  t h e  accompanying emission of a t r ansve r se  a c o u s t i c  phonon. 
0.898 e V  band corresponds t o  recombination wi th  t h e  emission of bo th  a 
t r ansve r se  a c o u s t i c  and a t r a n s v e r s e  o p t i c a l  phonon.” 
The 
The s m a l l  bands 
p re sen t  a t  0.935 e V  and 0.919 e V  would correspond t o  emission wi th  two 
and t h r e e  t r ansve r se  a c o u s t i c a l  phonons, r e spec t ive ly .  The o r i g i n  of 
t he  0.923 e V  band i s  n o t  known. 
By similar arguments t h e  0.789 e V  band is due t o  phononless recom- 
b i n a t i o n  between a f r e e  h o l e  and an  e l e c t r o n  t rapped a t  a d e f e c t  level 
0.376 e V  below t h e  conduction band minimum. The 0.773 e V  band is due t o  
recombination wi th  t h e  emission of a t r a n s v e r s e  a c o u s t i c  phonon and t h e  
0.717 e V  band i s  due t o  recombination w i t h  emission of both a t r a n s v e r s e  
o p t i c a l  and a t r a n s v e r s e  a c o u s t i c  phonon. By analogy wi th  t h e  above 
arguments, t h e  bands a t  0.755 e V  and 0.739 e V  may r e s u l t  from recombina- 
t i o n  wi th  t h e  accompanying emission of two and t h r e e  t r ansve r se  acous t i c  
phonons, r e spec t ive ly .  The o r i g i n  of t h e  0.728 e V  and 0.752 e V  bands i s  
unknown. S ince  t h e  lower energy spectrum is  found i n  only Czochralski  
material, t h e  corresponding d e f e c t  must depend upon oxygen f o r  i t s  forma- 
t i o n  b u t  its exac t  n a t u r e  i s  unknown. This model i s  supported by t h e  d a t a  
of Fan and Ramdas ,I6 who measured the  o p t i c a l  absorp t ion  and photoconduc- 
t i v i t y  a t  4.2’K of neut ron  and gamma i r r a d i a t e d  n-type s i l i c o n .  They 
found a s t rong  absorp t ion  l i n e  a t  0.343 e V  and a series of weaker absorp- 
t i o n  bands loca ted  a t  h ighe r  ene rg ie s ,  t h e  two n e a r e s t  bands being 
sepa ra t ed  by 0.015 e V  and 0.031 e V .  The Fermi level had t o  be  c l o s e  t o  
t h e  conduction band t o  see t h e  absorp t ion  and t h e r e  w a s  no photoconduc- 
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t i v i t y  a s soc ia t ed  w i t h  t h e  cen te r .  I f  t h i s  c e n t e r  i s  the  same as t h e  
one ly ing  0.376 e V  below t h e  conduction band, t hen  t h e  0 . 3 4 3  e V  absorp- 
t i o n  band i s  due t o  e x c i t a t i o n  of an e l e c t r o n  i n t o  a s t a t e  0.033 e V  
below the  conduction band and t h e  two n e a r e s t  absorp t ion  bands are due 
t o  s i n g l e  and double emission of t r ansve r se  o p t i c a l  phonons. 
I n  gene ra l ,  t he  luminescence spectrum appears  t o  depend mainly 
on the  l o c a l  environment of t h e  t r a p s  and upon t h e  phonon spectrum of 
the  c r y s t a l .  It appears t o  be less s e n s i t i v e  t o  the  exac t  s t r u c t u r e  
of the  de fec t .  It seems clear t h a t  t h e  techniques descr ibed  i n  t h i s  
paper are capable  of y i e l d i n g  important  in format ion  about t he  energy 
l e v e l s  a s soc ia t ed  w i t h  the  r a d i a t i o n  induced d e f e c t s  and t h e  i n t e r -  
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FIGURE CAPTIONS 
Fig.  1 Luminescence spectrum of 100 ohm-cm n-type Czochralski  s i l i c o n  
60 
a t  l i q u i d  n i t r o g e n  temperature.  I r r a d i a t e d  w i t h  Co gamma 
6 rays.  - 1 x 10 Roentgens, r e s o l u t i o n  0.04 microns. 
---- 40 x 10 Roentgens, r e s o l u t i o n  0.018 microns. 6 
Fig. 2 Luminescence spectrum of 100 ohm-cm n-type Czochralski  s i l i c o n  
a t  l i q u i d  n i t r o g e n  temperature.  I r r a d i a t e d  wi th  f a s t  neutrons.  
14 2 10 / c m  . Resolu t ion  0.04 microns. 10 / c m  . ---- 12 2 
Fig. 3 Luminescence spectrum of 100 ohm-cm n-type Czochralski  s i l i c o n  
I r r a d i a t e d  wi th  Co60 gamma f l u x  a t  l i q u i d  hel ium temperature.  
t o  10 Roentgens. Resolu t ion  0.0064 microns. 8 
Fig. 4 The i n t e n s e  luminescence peaks of Fig.  3 ,  analyzed w i t h  a 
r e s o l u t i o n  of 0.0008 e V  f o r  t h e  0.7894 e V  l i n e  and a r e s o l u t i o n  
of 0.0012 e V  f o r  t h e  0.9688 'eV l i n e .  
Fig. 5 Luminescence spectrum of 100 ohm-cm n-type Czochralski  s i l i c o n  
a t  l i q u i d  helium temperature.  I r r a d i a t e d  wi th  f a s t  neutrons t o  
f l u x  of 10 / c m  . Resolut ion 0.0064 microns. 14 2 
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